Parallel electron donation pathways to cytochrome cz in the type I homodimeric photosynthetic reaction center complex of Chlorobium tepidum  by Tsukatani, Yusuke et al.
Biochimica et Biophysica Acta 1777 (2008) 1211–1217
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioParallel electron donation pathways to cytochrome cz in the type I homodimeric
photosynthetic reaction center complex of Chlorobium tepidum
Yusuke Tsukatani a,b, Chihiro Azai b, Toru Kondo c, Shigeru Itoh c, Hirozo Oh-oka b,⁎
a Institute for Biological Resources and Functions, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki 305-8566, Japan
b Department of Biological Sciences, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan
c Division of Material Science (Physics), Graduate School of Science, Nagoya University, Nagoya 464-8602, JapanAbbreviations: C, Chlorobium; cyt, cytochrome; RC,
quinone reductase
⁎ Corresponding author. Tel.: +81 6 6850 5423; fax: +
E-mail address: ohoka@bio.sci.osaka-u.ac.jp (H. Oh-o
0005-2728/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.bbabio.2008.05.002A B S T R A C TA R T I C L E I N F OArticle history: We studied the regulation m
Received 21 February 2008
Received in revised form 16 April 2008
Accepted 6 May 2008







Sulfur oxidationechanism of electron donations from menaquinol:cytochrome c oxidoreductase
and cytochrome c-554 to the type I homodimeric photosynthetic reaction center complex of the green sulfur
bacterium Chlorobium tepidum. We measured ﬂash-induced absorption changes of multiple cytochromes in
the membranes prepared from a mutant devoid of cytochrome c-554 or in the reconstituted membranes by
exogenously adding cytochrome c-555 puriﬁed from Chlorobium limicola. The results indicated that the
photo-oxidized cytochrome cz bound to the reaction center was rereduced rapidly by cytochrome c-555 as
well as by the menaquinol:cytochrome c oxidoreductase and that cytochrome c-555 did not function as a
shuttle-like electron carrier between the menaquinol:cytochrome c oxidoreductase and cytochrome cz. It
was also shown that the rereduction rate of cytochrome cz by cytochrome c-555 was as high as that by the
menaquinol:cytochrome c oxidoreductase. The two electron-transfer pathways linked to sulfur metabolisms
seem to function independently to donate electrons to the reaction center.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionGreen sulfur bacteria are strictly anaerobic photoautotrophs that
have homodimeric type I reaction center (RC) complex, as do helio-
bacteria [1,2], and utilize inorganic sulfur compounds (sulﬁde, thio-
sulfate, and/or sulfur) as the electron sources for photosynthetic
CO2 ﬁxation [3]. The primary electron donor P840, a special pair of
bacteriochlorophyll a, in the RC complex initiates the light-driven
electron-transfer reaction as the ﬁrst step in the conversion of light
energy into chemical free energy. It is important for the photo-
oxidized P840+ to be rereduced rapidly to achieve highly efﬁcient solar
energy conversion.
In a thermophilic green sulfur bacterium, Chlorobium tepidum,
P840+ is rereduced by one of the RC subunits, a PscC subunit, which is
also called as cytochrome (cyt) cz [4,5]. It has been demonstrated that
two molecules of cyt cz are contained in the RC complex [6]. Cyt cz has
three membrane-spanning -helices in its N-terminus and a heme-
containing moiety in its C-terminus [4,7]. The C-terminal domain
protrudes into the periplasmic space and carry electrons directly from
menaquinol:cyt c oxidoreductase to P840 [5]. The domain is supposed
to be ﬂuctuated as evidenced by the extraordinary dependence of itsreaction center; SQR, sulﬁde-
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l rights reserved.reaction rates on solvent viscosity [7]. This unique feature of cyt cz
appears to be similar to that of cyt cy which serves as a shuttle to
mediate electron transfer between cytochrome b/c1 complex and the
type II RC in Rhodobacter species of purple non-sulfur bacteria [8].
The oxidized cyt cz+ then accepts electrons from cyt c-554 as well as
menaquinol:cyt c oxidoreductase [5,9]. Cyt c-554 is a soluble mono-
heme cytochrome with a molecular mass of approximately 10 kDa
[10,11], which is named cyt c-555 after its α-absorption peak shift in
the case of Chlorobium limicola [12]. Cyt c-554 has been shown to
function as an immediate electron donor to cyt cz+ by an in vitro
reconstitution study using puriﬁed RC complex from C. tepidum [9].
On the other hand, a study using membranes free from soluble cyt c-
554, as conﬁrmed by heme-staining analysis on SDS-PAGE, demon-
strated a direct electron donation from the menaquinol oxidoreduc-
tase to cyt cz [5].
An ascorbate-reduced absorption spectrum of another cyt, which
exhibited an α-absorption peak at around 556 nm, was also detected
in the membrane preparation [5]. Flash-induced absorption changes
indeed revealed the presence of a shoulder at 556 nm in the diffe-
rent spectrum of membranes, which became more prominent by
the addition of stigmatellin. Since the activity of the menaquinol:cyt
c oxidoreductase was inhibited by antimycin A, the menaquinol:cyt
c oxidoreductase in C. tepidum could be classiﬁed to the bc1-type com-
plex. We thus assumed that cyt c-556 played a role similar to that of a
cyt c1 subunit in the complex [5], although there has been a strong
argument against our conclusion; the shoulder observed at around
Fig. 1. Flash-induced absorption changes monitored at 552–540 nm (c-type cyts) in membranes isolated from Δcyt c-554 mutant cells of C. tepidum (A) without or (B) with externally
added cyt c-555 puriﬁed from C. limicola. Traces a and b represent kinetics in the absence and presence of 20 µM stigmatellin, respectively. Measurements were done at 295 K. The
concentrations of membranes and cyt c-555 were adjusted to be A810=1.5 (approx. 0.3 µM P840) and 10 µM, respectively. Thin lines indicate the results of kinetic analyses by curve-
ﬁtting programs.
1212 Y. Tsukatani et al. / Biochimica et Biophysica Acta 1777 (2008) 1211–1217556 nm might be derived from the residual cyt c-554 that could not
be removed completely from the membranes [1,9]. Indeed, the gene
encoding probable cyt c1 has yet been unidentiﬁed in the genome of
green sulfur bacteria.
We have recently demonstrated that the electron transfer from
menaquinol:cyt c oxidoreductase to cyt cz occurred directly in the
crude membrane extract prepared from a cyt c-554-deleted mutant of
C. tepidum [13]. However, it still remains uncertain whether soluble
cyt c-554 can mediate electron-transfer reaction in vivo between
menaquinol:cyt c oxidoreductase and cyt cz as in the case of purple
non-sulfur bacteria, where cyt c2 shuttles electrons between the bc1-
type ubiquinol oxidoreductase and the type II RC complex [14]. To
address this issue, in the present study, we carried out the in vitro
reconstitution experiments using membranes prepared from the cyt
c-554-deleted mutant by exogenously adding cytochrome c-555
puriﬁed from C. limicola. The results indicated that cyt cz accepted
electrons from both menaquinol:cyt c oxidoreductase and cyt c-554/
555 independently. The presence of cyt c-556 in membranes wasFig. 2. Flash-induced absorption changes monitored at (A) 547–540 nm (cyt cz) and (B) 558–
additions of 1 µM and 10 µM cyt c-555, respectively. Measurements were done at 295 K. Thalso conﬁrmed again as a cyt c1-like subunit of the menaquinol:cyt
c oxidoreductase.
2. Materials and methods
2.1. Isolation of photosynthetic membranes from the mutant cells lacking cyt c-554
A deletion mutant of cyt c-554 of C. tepidumwas constructed in our previous study
and attained to a full growth in a CL medium containing both thiosulfate and sulﬁde as
electron donors [13]. The photosynthetic membranes of the mutant were prepared
according to the procedure described previously [5] in an anaerobic chamber (Coy
Laboratory Products, Ann Arbor, MI, USA).
2.2. Puriﬁcation of CycA
Soluble cyt c-554 and c-555 were puriﬁed from the wild-type strain of C. tepidum
and C. limicola basically according to the previous reports [5,9] with a fewmodiﬁcations
described below. Harvested cells were disrupted by three-time passages through a
French pressure cell at 20,000 psi (138 MPa). Cell debris was removed by centrifugation
at 10,000 g for 15 min, and the supernatant was again centrifuged at 110,000 g for 1 h.
The resultant supernatant was fractionated by ammonium sulfate (40–80% saturation).
The precipitated fraction by 80% ammonium sulfate was suspended in a 20 mM Tris–540 nm (mainly cyt c-555) in membranes. Traces a, b, and c represent no addition and
e concentration of membranes was adjusted to be A810=1.5 (approx. 0.3 µM P840).
Fig. 3. Flash-induced absorption changes monitored at 563–540 nm (cyt b) in membranes (A) without or (B) with externally added cyt c-555. Traces a and b represent kinetics in the
absence and presence of 20 µM antimycin A, respectively. Measurements were done at 295 K. The concentrations of membranes and cyt c-555 were adjusted to be A810=1.5 (approx.
0.3 µM P840) and 10 µM, respectively.
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column (DEAE-Toyopearl 650M) equilibrated with the same buffer. The ﬂow-through
fractionwas then subjected to CM-cellulose column chromatography. After washing the
column with a 20 mM Tris–HCl buffer (pH 8.0), the cyt c molecules were eluted with a
linear gradient of 0–500mMNaCl in the same buffer. Elution enrichedwith cytochromes
was concentrated by ultraﬁltration (Viva-spin, VIVA Science, 5000 MW cut-off) and
applied on a gel-permeation column (Sephacryl S-100 HR 26/60, Amersham Pharmacia)
equilibrated with a 50 mM Tris–HCl buffer (pH 8.0) containing 100 mM NaCl. The cyt c-
554/555 fraction was concentrated by ultraﬁltration (YM-3, Amicon), and its resultant
concentration was estimated by assuming an absorption coefﬁcient at the α-peak to be
23.8 mM−1 cm−1 [9]. SDS-PAGE analysis of the puriﬁed protein followed by heme
staining showed no band except that of the 10-kDa cyt c-554/555.
2.3. Flash-induced absorption changes
Flash-induced absorption changes weremeasuredwith a split beam spectrophotometer
at 295 K as described previously [15]. Membrane preparations were suspended in 50 mM
Tris–HCl (pH 8.0) supplemented with 1 mM EDTA, 2 mM dithiothreitol, and 10 mM sodium
ascorbate. The concentration of the membranes was adjusted to give an absorbance of 1.5 at
810 nm (equivalent to a 0.3 µM P840 concentration) by assuming the antenna size in the RC
(BChla/P840 ratio) to be 50 [16,17] and the extinction coefﬁcient (ɛ810) for BChla at 810 nm to
be 100 mM−1 cm−1 [18]. For the reconstitution experiments, the puriﬁed cyt c-554/555 was
added to the membrane suspension to give a ﬁnal concentration of 1 µM or 10 µM.
3. Results
3.1. Flash-induced absorption changes of cytochromes in membranes
We measured the absorption changes of multiple heme compo-
nents with the cyt c-554/555-reconstituted system using membranes
from the Δcyt c-554 mutant of C. tepidum. We used soluble cyt c-555
puriﬁed from the closely related species C. limicola, which showed its
α-absorption peak at 555 nm, instead of cyt c-554 of C. tepidum, which
has its peak at 554 nm. We judged the former to be suitable for the
present reconstitution experiments in order to distinguish its spectral
changes from the overlapping absorption changes of cyt cz with theα-
absorption peak at 552–553 nm [5,7]. Control experiments using the
latter gave similar results, although itwas rather difﬁcult to distinguish
the kinetics of each c-type cytochrome accurately (not shown).
In order to quantitatively analyze the reactions of cyt cz, added cyt c-
555, and cyts c-556 and b in the menaquinol:cyt c oxidoreductase,
which gave speciﬁc peaks at 552, 555, 556, and 563 nm, respectively, in
their α-absorption regions, we measured the ﬂash-induced absorption
changes at 552 nm (for all the c-type cytochromes in Fig. 1), 547 nm (for
cyt cz in Fig. 2), 558 nm (for cyts c-555 and c-556 in Fig. 2), and 563 nm
(for cyt b in Fig. 3) as the differencewith respect to those at 540 nm (also
see Fig. 4). The reaction ascribable to the externally added cyt c-555was
assumed mainly from the dependency on its concentration.
3.2. Flash-induced absorption changes of c-type cytochromes
Fig. 1 shows the ﬂash-induced absorption changes (mainly of cyt
cz) in membranes monitored at 552 –(minus) 540 nm over 80 ms. The
presentmeasurementwith a time resolution of 1ms did not reveal theprecise time course of the immediate oxidation of cyt cz by P840+
and its rereduction by cyt c-556 in menaquinol:cyt c oxidoreductase
(t1/e=150 µs), as demonstrated previously [5]. However, the kinetics
could still exhibit rapid oxidations of c-type hemes and their sub-
sequent rereductions, as mentioned below.
The decay kinetics of trace a in Fig. 1A represents the case without
added cyt c-555. Its kinetics was ﬁtted by two exponential decay
components with half times (t1/2) of 1.5 and 15 ms with the estimated
contributions of 60 and 40%, respectively. The 1.5 ms component,
which was fully removed in the presence of stigmatellin, as shown in
trace b, could be assigned to represent the electron donation from the
Rieske Fe–S center in the menaquinol:cyt c oxidoreductase because
stigmatellin was known to inhibit the rereduction of cyt c by the
Rieske Fe–S center. The result was consistent with our previous study,
which estimated the equilibration time of electrons between the
Rieske Fe–S center and heme c-556 in the menaquinol:cyt c
oxidoreductase to be around 560 µs [5]. The slow 15-ms component
would represent the electron-transfer rate to Rieske Fe–S center by
menaquinol oxidation in the Qo site, which agreed well with a t1/2 of
approx. 20 ms estimated by monitoring cyt b reduction (see below
and [5]). In fact, the contribution of this component to the total
amplitude of absorption changes decreased in the presence of
stigmatellin (Fig. 1A, trace b.)
The decay kinetics in the presence of stigmatellinwas ﬁtted by two
exponential components with t1/2 of 15 and 200 ms with relative
contributions of 16 and 84%, respectively (Fig. 1A, trace b). The lack of
the 1.5 ms phase as well as the signiﬁcant suppression of the 15 ms
phase indicated almost complete inhibition of the electron donation
from the menaquinol:cyt c oxidoreductase, as mentioned above. The
200 ms component seemed to be ascribable to the rereductions of
hemes c by ascorbate added in the reaction medium and/or by the
back-reaction from photo-reduced terminal Fe–S centers (FA/FB) in the
RC [19].
When themembranes were reconstitutedwith cyt c-555 (Fig.1B), the
amplitudes of the absorption changes immediately after the ﬂash
excitationwere slightly larger, and no fast recovery phaseswere observed
both in the absence and presence of stigmatellin (Fig. 1B, traces a and b).
These kinetic proﬁles could be interpreted as that the added cyt c-555
rereduced the photo-oxidized cyt cz+ concomitantly with cyt c-555
oxidation and its subsequent slow rereduction (t1/2N100 ms) probably
by ascorbate.
3.3. Effects of cyt c-555 addition on the ﬂash-induced absorption changes
of cyt c
We measured ﬂash-induced absorption changes at 547–540 nm to
monitor cyt cz and at 558–540 nm to monitor mainly cyt c-555 in the
presence of different concentrations of cyt c-555 (Fig. 2). At 547–540nm,
the absorption bleach and subsequent recovery were observed in the
absence of cyt c-555 after the ﬂash excitation, indicating the rapid
Fig. 4. Time-resolved difference absorption spectra of c- and b-type cytochromes in
membranes (A) without and (B–D) with cyt c-555 after ﬂash excitation. The oxidized-
minus-reduced difference spectra of cyt cz, cyt c-556, and cyt c-555 are also shown in (E).
(C) and (D), in the presence of 20 µM antimycin A and 20 µM stigmatellin, respectively.
Times after the ﬂash excitation are indicated in the ﬁgure. Measurements were done at
295 K. The concentrations of membranes and cyt c-555 were adjusted to be A810=1.5
(approx. 0.3 µM P840) and 10 µM, respectively. A difference absorption spectrum of cyt cz
was obtained from [5]. That of cyt c-555 was obtained in the present study. An expected
spectrumof cyt c-556was simply obtained by shifting the spectrumof cyt cz to the red side
by 4 nm. A spectrum after the redox equilibration was simulated by estimating the
contributions of cyt cz, cyt c-556, and cyt c-555 to be 0.2: 0.25: 0.55 as described in text and
depicted as a gray curve in (D).
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somewhat slowed down the rereduction process, especially at 10 µM of
cyt c-555 (Fig. 2A, traces b and c) (see below for its interpretation).
The absorption changesmonitored at 558–540 nm, where cyt cz had
a small contribution, were different from those at 547–540 nm (Fig. 2B).
Without cyt c-555, a small transient negative change, probably due to
the photo-oxidized P840+ and its subsequent rereduction by cyt cz, was
detected immediately after the ﬂash excitation, followed by a subtle
absorption increase (Fig. 2B, trace a). This absorption increase seemed
to be due to the overlap of the reduced cyt b in the menaquinol:cytc oxidoreductase along with the recovery of P840. In the presence of
10 µM cyt c-555 (Fig. 2B, trace c), a slow absorption decrease with t1/
2=3 ms was detected after the ﬂash excitation, whose half-time
appeared to be almost the same as the one for the decay kinetics of
the oxidized cyt cz+ (see Fig. 2A, trace c) and represented the increase of
the oxidized cyt c-555+. However, the absorption decrease at 558–
540 nm never completely recovered within 100 ms, suggesting that the
oxidized state of cyt c-555+ remained for a relatively long time without
its prompt rereduction process. In the presence of 1 µM of cyt c-555, an
intermediate kinetic proﬁlewas observed, as shown in trace b of Fig. 2B.
All of the above results thus imply that electrons can be donated to the
RC from both cyt c-555 and menaquinol:cyt c oxidoreductase.
3.4. Effects of cyt c-555 addition on the ﬂash-induced absorption changes
of cyt b
Flash-induced absorption changes of cyt bwere monitored at 563–
540 nm (Fig. 3). In the absence of cyt c-555 (Fig. 3A, trace a), the ﬂash
excitation induced an absorption increase with t1/2=approx. 1 ms,
followed by the recovery with t1/2=9 ms, suggesting the transient
reduction of cyt b due to a turnover of menaquinol:cyt c oxidor-
eductase. In the presence of antimycin A, which is an inhibitor for the
Qi site of cyt bc1-type complex, cyt b was fully reduced due to the
inhibition of the reoxidation of reduced cyt b. The kinetics was ﬁtted
with two exponential components with t1/2=2 and 26 ms in relative
contributions of 25 and 75%, respectively (Fig. 3A, trace b). The phe-
nomenon of the oxidant-induced reduction of cyt b presented here
conﬁrmed that the oxidized cyt cz+ could be rereduced by the mena-
quinol:cyt c oxidoreductase without cyt c-555, as previously demon-
strated [5]. The amplitude of cyt b reduction in the presence of
antimycin Awas almost comparable with that of the ﬂash-oxidized cyt
cz
+ (data not shown). This indicates the tight coupling between the
menaquinol:cyt c oxidoreductase and the RC complex.
In the presence of cyt c-555 (Fig. 3B, trace a), a transient but
smaller absorption increase was still observed at 563–540 nm. The
addition of antimycin A (Fig. 3B, trace b) increased the extent of cyt b
reduction to be a level about a half that in the absence of cyt c-555
(Fig. 3A, trace b). In other words, about a half of the ﬂash-oxidized cyt
cz
+ could be rereduced directly by the menaquinol:cyt c oxidoreduc-
tase, and the rest could be rereduced by externally added cyt c-555, as
described in detail below.
All the results shown in Figs. 1–3 therefore suggest that both cyt c-
555 and menaquinol:cyt c oxidoreductase can efﬁciently donate elec-
trons to cyt cz.
3.5. Time-resolved difference absorption spectra
Fig. 4 exhibits the ﬂash-induced time-resolved difference absorp-
tion spectra in membranes with and without exogenous cyt c-555.
In membranes alone, a spectrum obtained at 1 ms after the ﬂash
excitation showed a negative peak at 552 nm, indicating the rapid
oxidation of cyt cz (Fig. 4A). The peak became smaller and was shifted
to 554 nm at 10ms, probably due to some contribution of the oxidized
cyt c-556+ in the menaquinol:cyt c oxidoreductase.
The 1 ms spectrum in the presence of cyt c-555 showed a broad
peak at 552–556 nm, clearly indicating the oxidation of cyt c-555 by
cyt cz+ (Fig. 4B). The peak position shifted gradually to the longer
wavelength side with time and, ﬁnally, to 555 nm at 10 ms, suggesting
a more contribution of the oxidized cyt c-555+. The large extent of cyt
c-555+, which remained at 10 ms, implied the slow rereduction rate
of cyt c-555+. It could be assumed that cyt c-555 rapidly rereduced cyt
cz
+ and that the resultant cyt c-555+ was rereduced by ascorbate added
in the reaction medium under the present experimental conditions. It
was also noted that the extent of cyt b reduction was decreased to
about half (Fig. 4B). This suggests that the rereduction of cyt cz+ by cyt
c-555 decreased the extent of cyt b reduction, although the oxidation/
Fig. 5. Schematic illustration of electron-transfer pathways around the oxidizing side of the C. tepidum RC. Electron ﬂows are represented by arrows. A heme-binding portion of
membrane-bound cyt cz is assumed to be exposed into the solvent and ﬂuctuates during reaction to contact with its reaction partners, cyt c-556 and cyt c-554/555. Sulﬁde
and thiosulfate serve as the electron sources for photosynthesis in C. tepidum. SQR, sulﬁde-quinone reductase; Q, quinone. (Inset) A model to represent two different orientations of
the C-terminal domain of cyt cz, which associate with cyt c-556 and cyt c-554/555, respectively.
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be recognized in these spectral changes.
The addition of antimycin A in the presence of cyt c-555 did not
signiﬁcantly change the kinetics of c-type cytochromes (compare
Fig. 4C to B). The amplitude of the reduced cyt b in Fig. 4C was almost
the same as that in Fig. 4B and smaller than that in Fig. 4A, indica-
ting that antimycin A did not affect the extent of reduced cyt b in the
presence of cyt c-555. It was essentially consistent with the kine-
tic data obtained in Fig. 3. Therefore, it is natural to consider that cyt
c-555 decreased the extent of photo-reduced cyt b, implying that
two electron donors, cyt c-555 and menaquinol:cyt c oxidoreductase,
function in parallel to rereduce cyt cz+ and that cyt c-555+ cannot be
rereduced by the menaquinol:cyt c oxidoreductase.
In the presence of stigmatellin, which inhibits the Qo site of
menaquinol:cyt c oxidoreductase, the ﬂash excitation induced a dif-
ference spectrumwith a larger negative peak at around 553 nmat 1ms
(Fig. 4D). Then, the peak at 10 ms shifted to 555 nm along with only a
small decrease in the amplitude of the spectrum. On the other hand,
the absorption increase at 563 nmwas signiﬁcantly smaller compared
to those in Fig. 4A to C. These effectswere ascribable to the suppression
of the electron donation from the Qo site in the menaquinol:cyt
c oxidoreductase, resulting in the suppression of the oxidant-induced
reduction of cyt b as well as the rereduction of cyt cz+ and cyt c-556+ [5].
The large negative absorption band with an apparent peak at 555 nm
at 3–10 ms suggests oxidations of multiple c-type cytochromes, as
explained by a simulation in the Discussion.
4. Discussion
4.1. Electron transfers from menaquinol:cyt c oxidoreductase and cyt
c-554/555 to cyt cz
Water-soluble cyt c-554/555 has been shown to function as the direct
electron donor to cyt cz of the RC complex [9].Wehave also demonstrated
that cyt c-556 in the menaquinol:cyt c oxidoreductase donates electrons
to cyt cz in themembrane preparation isolated from thewild-type cells of
C. tepidum [5]. However, the issue concerning whether cyt c-554/555
functions as a shuttle-type electron carrier between themenaquinol:cyt c
oxidoreductase and cyt cz remains to be resolved.In purple non-sulfur photosynthetic bacteria, a membrane-
anchored cytochrome cyt cy donates electrons to the type II RC [20].
Rhodobacter capsulatus possesses cyt cy and soluble periplasmic cyt c2,
both of which function as parallel electron carriers from cyt bc1
complex to the RC in photosynthetically grown cells [8,21]. Although
two cytochromes might have different physiological roles, both
mutants defective in cyt cy and cyt c2, respectively, can still grow
phototrophically [8].
Cyt cz in green sulfur bacteria, on the other hand, is also a
membrane-bound mono-heme c-type cytochrome with three puta-
tive membrane-spanning helices [4,7]. This structure and its function
as an electron donor to P840 in the type I RC somehow resemble
those of cyt cy [5]. It could therefore be expected that cyt c-554/555
mediated the electron-transfer reaction between menaquinol:cyt c
oxidoreductase and RC as was the case with cyt c2 [20]. However, the
results in this study clearly demonstrated that the oxidized cyt c-555
was not rereduced under the present experimental condition in
which the menaquinol:cyt c oxidoreductase was fully operating as
the electron donor to cyt cz (Fig. 2B). The reduction of cyt b in the
menaquinol:cyt c oxidoreductase was indeed shown to be depressed
to almost half by the addition of 10 µM cyt c-555 (see Fig. 3B), strongly
indicating that electron-transfer reaction between cyt c-556 and cyt
cz was hindered by externally added cyt c-555.
A heme-containing moiety of cyt cz, which is exposed to a
periplasmic space, has been assumed to be ﬂuctuated to search for
its reaction partners, the RC core protein and cyt c-556, both of which
reside in membranes [5,7]. It is thus conceivable that the C-terminal
domain of cyt cz could take different orientations during a series of
reaction processes; it would associate with cyt c-554/555 in a manner
to obey the second-order reaction mode (see Fig. 5, inset). The pro-
bable complex formation between cyt cz and cyt c-554/555 would
then block the electron transfer from cyt c-556 to cyt cz, resulting in
the partial suppression of cyt b reduction. This implies that two
paths of electron ﬂow from cyt c-554/555 and the menaquinol:cyt
c oxidoreductase could be balanced dependent upon their respective
redox states as mentioned below. It seems unlikely that the direct
contact of cyt c-554/555 with cyt c-556 inhibited the reduction of cyt
b, because the in vitro kinetic analysis demonstrated that cyt c-554
donated electrons to cyt cz to rereduce the oxidized P840+ [9].
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c-554/555, and menaquinol:cyt c oxidoreductase based on the results
in the present study. The Em values of P840 and cyt cz are known to
be 230–240 and 170–180mV, respectively [22–24]. Although Em of cyt
c-556 in the menaquinol:cyt c oxidoreductase has not been measured,
it has been estimated to be close to the value of 160mV of a Rieske FeS
center [5,25]. The Emvalue of cyt c-554/555 has been reported to be 130
or 148 mV by two research groups [9,10], which is lower than the
estimated Emvalue of cyt c-556 in themenaquinol:cyt c oxidoreductase.
At 10 ms after the ﬂash excitation in the presence of stigmatellin (see
Fig. 4E), the redoxequilibration between cyt cz and the other three redox
centers, P840, c-556, and c-554/555, would be attained as follows.
P840þ þ cyt cz=cyt czð Þ X P840þ cyt cz=cyt czð Þþ ð1Þ
cyt cþz þ cyt c556 X cyt cz þ cyt c556þ ð2Þ
cyt cþz þ c554=555 X cyt cz þ c554=555þ ð3Þ
Based on the Emvalues listed above,we calculated the redox state of
each heme c by a Nernst equation (ΔEm=RT/F ln K) and estimated the
relative amounts of oxidized cyts cz+, c-556+, and c-554/555+ to be 0.2:
0.25: 0.55, respectively, at the equilibrium. We simulated the
difference absorption spectrum measured at 10 ms in the presence
of stigmatellin by summing up the estimated spectrum of each
component shown in Fig. 4E. In this calculation, P840 was assumed to
be the almost fully reduced state at 10 ms because this approximation
had little effect within experimental errors and made the result much
simpler. The spectrum thus obtained reproduced well the difference
absorption spectrum obtained in the present measurement (see a gray
curve in Fig. 4D). This result suggests that the three c-type cyts indeed
functions to reduce P840+ and are almost equilibrated to each other as
expected from their redox potentials. However, we will need more
accurate kinetic data to determine the precise contribution of each
c-type heme to the difference absorption spectrum in the future.
The second-order rate constant of the electron transfer from cyt c-
554 to cyt cz was calculated to be 1.7×107 M−1 s−1 in vitro using the
isolated RC complex reconstituted with cyt c-554 [9]. In the present
study, the electron-transfer rate from cyt c-555 to cyt cz in membranes
gave t1/2=3ms at 10 µMof cyt c-555 (Fig. 2B, trace c). The observed rate
would be rational because the excess amount of cyt c-555 was added
with respect to P840 concentration (roughly estimated to be about
0.3 µM). Cyt cz+ was rereduced by both cyt c-555 and menaquinol:cyt c
oxidoreductase at an almost 1:1 ratio under the present condition. A
simple interpretation for the independent electron donationwould be
that the C-terminal domain of cyt cz has different orientations to make
contact with both electron donors as discussed above.
Although there is no available data concerning the in vivo
concentration of cyt c-554/555 in green sulfur bacteria, the amounts
of cyt c2 in Rps. viridis and Rba. sphaeroides cells have been estimated
to be in the millimolar range [26,27]. If one considers that the
concentration of cyt c-554/555 in vivo is similar, the maximum rate
constant of electron transfer from cyt c-554/555 to cyt cz would be
several to 10 μs, which would be signiﬁcantly faster than that of the
electron-transfer rate from menaquinol:cyt c oxidoreductase to cyt cz
(t1/e=150 µs). This implies that cyt c-554/555 can be quite an efﬁcient
electron donor to cyt cz and can compete against menaquinol:cyt
c oxidoreductase when the reduced form of cyt c-554/555 is abundant
in amount. This will be discussed below in terms of sulfur oxidations.
4.2. Reaction of bc-type menaquinol:cyt c oxidoreductase in C. tepidum
The chemically reduced-minus-oxidized difference spectra of chlo-
rosome-depleted membrane preparations of C. tepidum suggested the
presence of cyt c-556 [5]. However, the assignment of cyt c-556 has
not been very clear up to now because of the possibility of thecontamination of membranes by a residual amount of cyt c-554.
Although we checked a complete elimination of cyt c-554 in the
membrane preparation by SDS-PAGE and heme-staining analyses [5],
the detection of a low-molecular-weight (approx. 10,000) heme-c
protein is very difﬁcult in general. It is clear, on the other hand, that
the membranes isolated from the Δcyt c-554 mutant of C. tepidum do
not contain any cyt c-554. The results in the present study, thus,
clearly demonstrate a direct tight coupling between the menaquinol:
cyt c oxidoreductase and cyt cz of the RC complex without any
involvement of soluble electron carriers. Furthermore, the presence of
cyt c-556 was an indispensable component for a good simulation of
the spectrum as shown in Fig. 4D. The time-dependent shift of the
peak wavelength in the 552–556 nm region in Fig. 4A also indicated
the reduction of cyt cz+ by another cytochrome, probably cyt c-556,
with a peak at a longer wavelength. All of these results strongly sug-
gest that cyt c-556 serves as the immediate electron donor to cyt cz+
like cyt c1 in the bc1-type oxidoreductase.
In the Chlorobium species, genes encoding subunits of menaqui-
nol:cyt c oxidoreductase are arranged in the genome in a way dif-
ferent from those in other phylum of bacteria, such as Proteobacteria,
Firmicutes, and Cyanobacteria [28]. In most Proteobacteria, the cyt bc1
complex minimally consists of three subunits, the Rieske iron–sulfur
protein, cyt b, and cyt c1, which are encoded by the fbcF, fbcB, and fbcC
genes, respectively [29]. These genes comprise one transcriptional
unit called the fbc operon. On the other hand, genes for cyanobacterial
cyt b6f complex are split into two units. One unit has fbcF followed by
the fbcC gene, and another has the genes coding for cyt b6 and sub-
unit IV. In green sulfur bacteria, the fbcF and fbcB genes form a
transcriptional unit, but no c-type cyt gene has been found at the
downstream or upstream of this unit. However, genomic analyses
have enabled us to ﬁnd ﬁve candidates of genes encoding membrane-
bound c-type cyts with small molecular masses of 15–20 kDa from the
genome of C. tepidum, which might be cyt c-556 as judged from its
molecular mass [5]. We assume gene CT0073 to be the best candidate
because it is located upstream of the gene encoding cyt c-554/555
(CT0075). It is, however, rather questionable whether the gene anno-
tated as CT0074 (encoding only 46 amino acids) is a genuine gene or
not. In fact, the homologues of CT0073 but not of CT0074 could be
found in all other nine genome-sequenced green sulfur bacteria and
are arranged in the same way; the homologues of CT0073 and CT0075
are adjacent to each other. The product of the CT0073 homologues
thus seems to be cyt c-556, which is functionally related to cyt c-554/
555.
4.3. Photosynthetic electron-transfer chains and sulfur metabolism
Cyt c-554/555 is likely to serve as the electron acceptor from sulfur
metabolism operated by Sox (sulfur oxidation) proteins [12,30]. The
Sox system is known to be essential for both thiosulfate and sulﬁde
oxidations in a purple bacterium, Rhodovulum sulﬁdophilum [31], and
probably in a chemolithotroph, Paracoccus pantotrophus [32]. A solu-
ble small cytochrome has been considered to function as an electron
acceptor from SoxA, which is involved in thiosulfate oxidation [32,33]
(Fig. 5). On the other hand, C. limicola is known to show an activity
of a membrane-associated sulﬁde:quinone reductase (SQR) [34]. SQR
oxidizes sulﬁde and reduces a quinone pool in the membrane, and the
electrons are donated to P840 in the RC via menaquinol:cyt c oxido-
reductase. The genome sequence analysis of C. tepidum has also re-
vealed the three paralogues of the gene encoding SQR (CT0117,
CT0876, and CT1087) [35].
Sulfur oxidations are therefore expected to be linked closely in vivo
to the two electron-transfer paths of the menaquinol:cyt c oxidor-
eductase and cyt c-554/555. Our preliminary experiments have
indicated that electrons from thiosulfate oxidation are transferred to
the RC mainly via cyt c-554/555 and that the path of cyt c-554/555
would be dominant when thiosulfate is rich in media (Azai et al.,
1217Y. Tsukatani et al. / Biochimica et Biophysica Acta 1777 (2008) 1211–1217manuscript in preparation). Contrary to this, the activity of menaqui-
nol:cyt c oxidoreductase would be increased when the redox state of
quinone pool is shifted to the reduced side under the sulﬁde-rich
condition. The balance of electron ﬂows between menaquinol:cyt
c oxidoreductase and cyt c-554/555 would thus be coordinately re-
gulated dependent upon chemical species of sulfur compounds in a
natural habitat.
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